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Summary  Due  to  the  explosive  growth  of  wireless  services  with  high-speed  and  better  quality-
of-services,  the  demand  of  spectrum  is  increasing  proportionally.  In  addition  to  this,  the  ﬁxed
spectrum  allocation  scheme  of  the  desired  radio  frequency  bands  also  creates  the  spectrum
scarcity problem.  However,  the  possible  solution  of  these  problems  is  the  cognitive  radio  (CR)
communication  technology,  which  is  an  emerging  area  of  the  wireless  communication  and  relies
on the  dynamic  spectrum  access  (DSA)/opportunistic  spectrum  access  (OSA)  as  well  as  spectrum
sharing (SS)  techniques.  The  DSA/OSA  allows  CR  users  to  access  the  spectrum  opportunistically,
when the  primary/licensed  user  (PU)  is  idle,  however  the  SS  allows  the  CR  user  to  utilize  the
spectrum in  the  presence  of  PU  with  certain  power  constraints.  The  power  constraints  are
applied on  the  cognitive  user/secondary  user  (SU)  transmitter  to  keep  PU’s  communication
impervious.  In  the  CR  technology,  the  user  needs  to  sense  its  environment  and  adapt  communi-
cation parameters  on  the  basis  of  environmental  conditions,  which  are  always  random  in  nature.
Therefore,  the  implementation  of  cognitive  radio  with  imperfect  channel  state  information  is
an emerging  issue  that  needs  to  be  analysed.  In  this  technical  review,  we  have  presented  the
potential growth  in  the  area  of  power  allocation  strategies  in  CR  communication  with  perfect
and imperfect  channel  state  information.  Further,  various  approaches  of  the  optimal  power
allocation to  cognitive  users  are  presented.  Finally,  the  potential  issues  of  power  management
in the  cognitive  radio  regime  are  exploited.
© 2016  Published  by  Elsevier  Gm
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parameters  are  also  employed  to  formulate  power  allocation
problem.52  
ntroduction
s  reported  by  the  survey  of  FCC  (Federal  Communications
ommission,  2002),  most  of  the  assigned  spectrums  are
nderutilized.  Therefore  for  the  efﬁcient  use  of  the  spec-
rum,  FCC  opened  the  licensed  spectrums  to  the  unlicensed
sers/cognitive  users  (SU)  without  affecting  the  perfor-
ance  of  primary/licensed  user  (PU).  To  support  this  novel
oncept  of  the  dynamic  spectrum  access  (DSA),  a  commu-
ication  framework  came  into  existence  known  as  cognitive
adio  (CR),  which  is  an  intelligent  system  and  aware  about
ts  environment  for  autonomous  regulation  of  parameters  to
dapt  the  system  operations  (Hossain  et  al.,  2009) and  pro-
ides  efﬁcient  and  reliable  communication  with  enhanced
pectral  efﬁciency.  The  cognitive  radio  framework  relies  on
hree  layers  of  open  system  interconnection  (OSI)  model
hat  is  the  physical  layer,  data  link  layer  and  network
ayer.
In  this  technical  review,  we  have  considered  the  emerg-
ng  physical  layer  issues  in  general  and  power  management
n  particular.  We  have  emphasized  on  the  spectrum  sharing
echnique  by  exploiting  the  optimal  power  allocation  tech-
iques  in  cognitive  radio  network.  In  this  spectrum  sharing
pproach,  we  have  considered  two  scenarios  such  as:  (1)
ith  perfect  channel  state  information  and  (2)  with  imper-
ect  channel  state  information.  The  remainder  of  the  paper
s  organized  as  follows.  In  the  second  section,  the  evolu-
ion  of  power  allocation  strategies  in  the  cognitive  radio
ommunication  with  perfect  and  imperfect  channel  state
nformation  is  presented.  The  third  section  provides  various
ptimal  power  allocation  techniques  to  the  cognitive  users.
inally,  the  last  section  concludes  the  work  and  explores
he  emerging  issues  of  power  management  in  cognitive  radio
echnology.
volution of power allocation strategies in
ognitive radio
he  evolution  of  power  allocation  strategies  in  CR  com-
unication  with  different  CSI  is  generally  classiﬁed  in  two
rameworks,  i.e.  with  perfect  and  imperfect  CSI.  The  frame-
orks  with  perfect  CSI  is  presented  in  Gastpar  (2004),
hasemi  et  al.  (2007),  Kang  et  al.  (2009)  and  Vassaki  et  al.
2014)  and  with  imperfect  CSI  is  discussed  in  Musavian  et  al.
2009)  and  Sun  et  al.  (2012).  The  author  in  Gastpar  (2004)
as  introduced  ﬁrst  time  the  concept  of  channel  capacity
nder  PU  received  power  constraints.  Ghasemi  et  al.  (2007)
ave  investigated  the  problem  of  capacity  maximization  of
ading  channels  by  constraining  the  PU’s  received  power
nd  reported  that  signiﬁcant  capacity  gains  can  be  achieved
f  channels  are  varying  due  to  fading.  The  optimal  power
llocation  strategies  to  achieve  ergodic,  delay-limited  and
utage  capacities  of  the  cognitive  user  fading  channel,  sub-
ect  to  different  combination  of  peak/average  interference
ower  constraints  are  presented  in  Kang  et  al.  (2009). In
ddition,  it  is  reported  that  fading  of  the  channel  between
econdary  transmitter  (SU-Tx)  and  primary  receiver  (PU-
x)  is  a  beneﬁcial  event  to  maximize  the  capacity.  Vassaki
t  al.  (2014)  have  allocated  a  power  to  the  cognitive  user  in
rder  to  increase  the  QoS  of  the  PU  by  considering  aver-
ge  and  peak  interference  power  constraints  for  optimal
F
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ower  allocation  to  SU.  Further,  it  is  reported  that  under
he  SINR  constraint,  the  outage  probability  of  PU  decreases
n  comparison  to  the  traditional  interference  power  con-
traints.
The  performance  analysis  of  channel  under  different
ower  constraints  with  imperfect  channel  state  information
etween  the  primary  receiver  and  secondary  transmitter
s  presented  in  Musavian  et  al.  (2009)  and  have  proposed
nverse  signal  to  interference  plus  noise  ratio  (ISINR).  Sun
t  al.  have  proposed  the  asymptotic  analysis  to  analyse
he  ergodic  capacity  limits  under  the  average/peak  trans-
it  power  and  the  outage  interference  power  constraints
nd  have  reported  the  expenditure  of  power  required  to
chieve  the  lower  bounds  of  ergodic  and  outage  capacity
imits.  In  addition,  the  concept  of  interference  outage  power
onstraint  is  also  introduced.
ptimal power allocation techniques to
ognitive user
he  optimal  power  allocation  techniques  to  cognitive  users
re  classiﬁed  shown  in  Fig.  1.
The  game  theoretic  models  are  broadly  categorized
s  cooperative  and  non-cooperative  game,  strategic  and
xtensive  game  and  games  with  complete  or  incomplete
nformation  theoretic  model  (Hossain  et  al.,  2009).  In  addi-
ion,  cooperative  game  models  are  popular  with  perfect
SI  whereas  non-cooperative  models  are  with  imperfect
SI.  Huang  et  al.  (2008)  have  proposed  the  price  auc-
ion  approach  ﬁrst  time  and  due  to  better  performance
n  cooperative  networks,  the  power  allocation  algorithm  is
resented  for  the  relay  cooperative  networks.  The  authors
n  Mao  et  al.  (2012), have  proposed  an  optimal  power
llocation  algorithm  in  order  to  maximize  the  sum  spec-
ral  efﬁciency  by  using  Lagrangian-Multiplier  method.  The
ayleigh  fading  channel  which  can  support  multiple  inputs
nd  multiple  output  (MIMO)  cognitive  system  has  been
onsidered  in  Kang  et  al.  (2011)  and  have  proposed  an  algo-
ithm.  Moreover,  the  proposed  algorithm  is  recommended
or  practical  systems  since  it  can  achieve  a  good  trade-off
etween  the  algorithm  complexity  and  throughput  perfor-
ance.  General  water  ﬁlling  algorithm  is  a  power  allocation
cheme  in  which  more  power  is  allocated  to  the  sub  channel
ith  large  SNR  level  to  maximize  the  capacity,  however,  the
onventional  method  cannot  be  directly  implemented  to  CR
etworks.  Therefore,  the  power  allocation  algorithm  under
ome  statistical  parameters  is  presented  by  Hosseini  et  al.
2012)  which  is  more  efﬁcient  as  compared  to  traditional
ater  ﬁlling  algorithm.  In  addition,  the  trafﬁc  statisticaligure  1  Optimal  power  allocation  techniques  to  cognitive
sers.
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networks. Wireless Netw. 19, 99—113.
Vassaki, et al., 2014. QoS driven power allocation under peak
and average interference power constraints in cognitive radio
networks. Wireless Pers. Commun. 78, 449—474.Figure  2  The  potential  issues  of  power  management  in  CR
networks.
Conclusion and potential issues of power
management
In  this  technical  review,  we  have  presented  the  evolution  of
power  management  strategies  with  perfect  and  imperfect
CSI.  Moreover,  to  improve  the  channel  capacity  of  secondary
link,  it  is  better  to  allocate  the  power  to  secondary  user
under  the  joint  interference  power  constraint  as  well  as
transmit  power  constraints.  The  potential  issues  of  power
management  in  cognitive  radio  networks  are  exploited  as
shown  in  Fig.  2.
Due  to  the  obligatory  limitations  of  the  underlay  and
interweave  spectrum  access  approaches,  the  hybrid  spec-
trum  access  technique  came  into  existence.  The  authors
in  Jasbi  (2015)  have  exploit  hybrid  spectrum  access  tech-
nique,  in  which  multi-carrier  code  division  multiple  access
(MC-CDMA)  approach  is  proposed  to  enhance  the  spectral
efﬁciency.  In  addition  to  this,  due  to  the  explosive  growth
of  cognitive  devices  in  the  primary  network  or  vice  versa,
the  number  of  energy  delivering  devices  per  unit  volume
will  increase  explosively  that  introduce  the  concept  of  green
communication  in  CR  which  is  explored  in  Han  et  al.  (2011).
Thus,  the  energy  efﬁcient  cognitive  radio  communication
is  one  more  open  research  issue.  In  Sum  et  al.  (2009),  the
authors  have  exploited  the  concept  of  both  co-channel  inter-
ference  (CCI)  and  adjacent-channel  interference  (ACI)  in
communication  technology  that  need  to  be  consider  in  the
CR  technology.  The  orthogonal  frequency  division  multiple
access  (OFDMA)  is  the  promising  candidate  for  the  multicar-
rier  communication  due  to  its  ﬂexibility  in  controlling  the
spectrum  usages.  However,  it  has  several  limitations  such
as  high  peak  to  average  power  ratio  (PAPR),  the  high  out  of
band  (OOB)  radiation  and  large  overhead  cyclic  preﬁx  (CP).
To  overcome  these  disadvantages,  one  possible  solution  is
non-orthogonal  multiple  access  (NOMA).
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